The benthic foraminiferal record of Ocean Drilling Program (ODP) Site 910 can be divided into four assemblage zones, from oldest to youngest: the Cassidulina spp. zone, the Elphidium spp. zone, the Elphidium albiumbilicatum zone and the Elphidium excavata forma clavata zone. The Pliocene benthic foraminifers in the three lower zones of Site 910C, 102.8-504.7 meters below sea floor (mbsf), indicate warm conditions that cool progressively from 2.7 to 1.6 Ma. Based on the number and diversity of planktonic foraminifers and the high benthic foraminiferal abundances, the lowermost Cassidulina spp. zone indicates the warmest water conditions within the Pliocene at this locality. The Elphidium spp. zone of Site 910C indicates warm but cooling conditions with decreasing foraminiferal diversities and abundances, which end with the initiation of glacial dropstones at 208.7 mbsf. The presence of species described from Pacific deposits in both lower zones suggests a Pacific Ocean influence during the late Pliocene at this site. However, climatic conditions change when Atlantic species begin to dominate the uppermost Pliocene sediments. The uppermost Pliocene sediments of the E. albiumbilicatum zone indicate glacial-marine conditions with warm episodes.
INTRODUCTION
Ocean Drilling Program Site 910 was cored to provide a high resolution Late Neogene record of the interaction between the North Atlantic and the Arctic Oceans; it is the shallowest site in a transect along the Yermak Plateau. Approximately 504.7 m of nearly homogeneous silty clays were recovered at this site. This site provides an excellent record of calcareous benthic foraminifers from the longest continuous record of pre-glacial Pliocene sediment in the Arctic.
Because of eustatic and glacio-eustatic sea level fluctuations, numerous outcrops of shallow-water Pliocene marine deposits occur throughout the Arctic (e.g., Brouwers et al., 1991; Brigham-Grette and Carter, 1992; Feyling-Hanssen, 1976 ,1980 ,1990 Feyling-Hanssen etal, 1982 ,Funderetal., 1985 Todd, 1957; Vincent etal., 1984) . Most of these sections indicate that the Pliocene was an interval of increased temperatures, compared to today, which has a direct bearing on the climatic history and ice cover of the Arctic Ocean. The problems with these terrestrial sites are threefold. First, most of these Pliocene sections lack any definitive age control. They are correlated either by the use of amino-acid racemization values, or by macro-or microfaunal assemblages. Second, the calcareous marine biota (benthic foraminifers, ostracodes, and molluscs) found in these shallow marine sections are strongly controlled by local environmental conditions and can be subject to loss by post-depositional dissolution (e.g., Feyling-Hanssen, 1976) . Third, most of the Arctic terrestrial localities represent isolated sections of the Pliocene, which may or may not be correlative events throughout the entire Arctic. 'Thiede, J., Myhre, A.M., Firth, J.V., Johnson, G.L., and Ruddiman, W.F. (Eds.), 1996. Proc. ODP, Sci. Results, 151: College Station, TX (Ocean Drilling Program) . department of Paleobiology, NHB-121, Smithsonian Institution, Washington, D.C. 20560, U.S. A. osterman.l@simnh.si.edu Hole 910C is the first continuous upper Pliocene marine section in the Arctic that is dated by calcareous nannofossils and planktonic foraminifers. Therefore, Site 910 should help to resolve some of the confusion that exists among the widely scattered and discontinuous Arctic Pliocene records. This paper will discuss the Pliocene and Pleistocene benthic foraminifer record of Hole 9 IOC.
MODERN OCEANOGRAPHY
ODP Hole 910C is located in 556.4 m of water on the Yermak Plateau, northwest Svalbard continental shelf (80°15.896'N, 6°35.430'E), in a hydrographically unstable area of the North Atlantic-Arctic Gateway (Fig. 1 ). This site is located in the zone of mixing between the northward-flowing, relatively warmer West Spitsbergen Current and the colder, lower-salinity, southward-flowing waters of the East Greenland Current (Aagaard et al., 1985) . The Yermak Plateau is also located at the edge of the Arctic pack ice and is covered by sea ice for most of the year, although it may have open water in late summer and early autumn during some years. Site 910 was chosen to study the interaction between water masses and climatic history within the North Atlantic-Arctic Gateway.
METHODS
Sediment in 20-cm 3 samples was disaggregated with the use of a vibrating hot plate, without the use of any chemicals. Samples were soaked overnight and then mechanically agitated for up to 1 hr before washing over a 63-µm sieve. Samples were dried overnight in an oven at less than 60°C. Samples from Hole 910C were picked at >63 µm. Samples were split to obtain between 100 to 300 benthic foraminifers. If fewer foraminifers were present the sample was usually 
AGE CONTROL
The upper 100 m of Hole 9IOC is identified as Quaternary, but is plagued with poor recovery and the presence of one or more intervals of overconsolidated sediment (see Rack et al., this volume, chapter 21; Flower, this volume) . The uppermost overconsolidated zone occurs at 19 mbsf in Hole 910A, and can be assumed to be close to that depth in Hole 9IOC. The Quaternary/Pliocene boundary is poorly constrained within the interval of no recovery from Sample 151-910C-8R-CC (73.8 mbsf) to Sample 151-910C-11R-CC (102.8 mbsf; Fig. 2 ). Calcareous nannofossils, as well as benthic and planktonic foraminifers all suggest an age near the Quaternary/Pliocene boundary (1.6 Ma) for Sample 151-910C-11R-CC (102.8 mbsf; Shipboard Scientific Party, 1995) . New nannofossil data place the boundary at 67 mbsf, slightly above Sample 910C-8R-CC (73.8 mbsf; Hull et al., this volume; Sato and Kameo, this volume) .
All microfossil groups indicate that the interval from Sample 151-910C-12R-CC (112.4 mbsf) to the base of the hole (504.7 mbsf) is clearly of Late Pliocene age (NN15-18). Cronin (this volume) reports the presence of the ostracode Pterygocythereis vannieuwenhuisei in Samples 151-910C-45R-CC (429.3 mbsf) to 151-910C-43R-CC (410.78 mbsf). This indicates an age of >2.5 Ma for these samples. Assuming a uniform sedimentation rate (between 102.8 and 429.3 mbsf), an age of 2.7 Ma is extrapolated for the base (507.4 mbsf). This age is in agreement with the recognition of Pacific benthic foraminifers, including Paracassidulina neocarinata, Globocassidulina grooviapeture, and Paracassidulina sagamenensis in Sample 151-910C-53R-CC (507.4 mbsf), indicating that it must have been deposited after the opening of the Bering Straits at approximately 3.0 Ma (Shipboard Scientific Party, 1995) .
The magnetic record shows normally magnetized sediments throughout Hole 910A (24.71 mbsf). Poor recovery and strong concentrations of iron sulfides limited the magnetic stratigraphy in Hole 910C (Shipboard Scientific Party, 1995; Cande and Kent, 1992) .
RESULTS
The benthic foraminifers of Hole 910C can be divided into four assemblage zones (Fig. 2) . The upper two (the Elphidium excavatum f. clavata and Elphidium albiumbilicatum) zones indicate glacial conditions, while the lower two (the Elphidium spp. and Cassidulina spp.) zones show evidence of a more ameliorated pre-glacial environment.
The uppermost zone occurs from Sample 151-910C-1R-1, 1 cm (0.01 mbsf) to Sample 151-910C-8R-CC (73.8 mbsf) and contains foraminifers indicating both glacial and interglacial climatic conditions, including the highest percentages of E. excavatum f. clavata. Elphidium excavatum f. clavata is common in Pleistocene glacialmarine sediments in the Arctic (Osterman, 1984; Osterman et al., 1985) . Samples indicative of glacial stages contain lower diversities (number of species, S, = 5-9). Samples indicative of interglacial stages contain higher diversities (S = 13-19).
The E. excavatum f. clavata zone includes the overconsolidated interval at 19 mbsf that was identified by physical properties (Shipboard Scientific Party, 1995) . The cause of the overconsolidated interval was reported to be overcompacted due to excessive glacial dropstones or the grounding of glacial ice on the Yermak Plateau (Shipboard Scientific Party, 1995; Rack et al., this volume) . Whatever the cause of the overconsolidated layer it certainly represents a major climatic event on the Yermak Plateau, and, as might be expected, the foraminifers differ somewhat above and below the uppermost overconsolidated layer, mainly in overall foraminiferal abundances. Sediments above the uppermost overconsolidated interval are believed to be younger than Oxygen Isotope Stage 15 (Flower, this volume) . Modern oceanographic conditions are represented by the uppermost Samples 151-91OC-1R,1 cm (0.01 mbsf) and 151-910C-1R, 3-7 cm (0.03 mbsf), which contains a benthic foraminifer assemblage dominated by branching and tubular agglutinated foraminifers including Bathysiphon major, Bathysiphon rufus, Rhabdamina abyssorum, Astrorhiza limnicola, Saccorhiza ramosa, and Reophax scorpiurus; rare calcareous species include Cassidulina teretis, Cassidulina reniforme, Cibicides lobatulus, and Nonion barleeanum. Beneath this uppermost agglutinated-foraminifer-rich sediment the remaining glacial-marine sediments of this upper interval from Sample 151-910C1R-1, 83-87 cm (0.83 mbsf) to the overconsolidated interval at 19 mbsf contains a fairly consistent assemblage of predominately calcareous benthic foraminifers including additional calcareous species Epistominella vitrea, Stainforthia concava, and Stainforthia feylingi.
Beneath the overconsolidated interval, from 19 to 102.8 mbsf (including Samples 151-910C-4R-3, 104-109 cm to 8R-CC), the lower part of the E. excavatum f. clavata zone occurs. Owing to both the overcompacted nature of the sediment and the abundance of dropstones, recovery was poor in the interval from 19 to 73.8 mbsf. Most of the samples below 19 mbsf contain only rare foraminifers with a few exceptions seen in Table 1 . Samples 151-910C-4R-3, 104-109 cm (30.44 mbsf), 151-910C-5R-1, 103-108 cm (36.9 mbsf), and 151-910C-8R-2, 20-23 cm (65.9 mbsf) contain higher diversity for-
Figure 2. Biostratigraphic summary of Hole 9IOC including from left to right: depth (mbsf), core numbers, recovery, nannofossil zones, planktonic foraminiferal zones, benthic foraminiferal zones discussed in this paper, and age. Quaterary/Pliocene boundary now placed at 67 mbsf.
aminiferal assemblages indicating Pleistocene interglacial conditions. In addition, there was good recovery of Cores 151-910C-4R, 5R, and 8R, when compared to the other cores between 19 and 102.8 mbsf. This suggests that there might have been several episodes of severe glaciation, evidenced by poor recovery, as well as climatic amelioration, evidenced by good recovery, on the Yermak Shelf during the Quaternary ice ages.
The Quaternary E. excαvαtum f. clαvαtα zone also includes increased numbers of reworked benthic foraminiferal specimens. In Quaternary sediments on Arctic continental shelves reworked specimens represent a problem. Often the reworked specimens can be identified by a worn or abraded texture or by a different color or broken test, in which case they are counted as reworked and not included in the foraminiferal percentages of Table 1 . However, not all reworked specimens can be easily identified by their appearance; some are identified as reworked by ecological or temporal displacement. Species of Elphidium are usually restricted to shallow water and are common in proximal glacial-marine environments (Osterman, 1984) , so it is possible that a majority of the Elphidium specimens in this uppermost zone of Hole 9IOC are ice-rafted into this water depth. The nature of other specimens is not so clear. In the Arctic, Cibicides grossα has been traditionally used to identify Pliocene deposits (King, 1983; McNeil, 1989; Knudsen and Asbj0rnsdöttir, 1991) . Therefore, the presence of Cibicides grossα in the Quaternary sediments of Hole 9IOC is assumed to have been due to reworking and ice rafting. However, the well-preserved nature of C. grossα in the Quaternary sediments suggests caution in the use of this species as a Pliocene marker at this latitude.
The second benthic foraminifer zone, the Elphidium αlbiumbili-cαtum zone, occurs from Sample 151-910C-11R-CC (102.8 mbsf) to 151-910C-20R-3, 133-136 cm (184.13 mbsf) and has been determined to be of latest Pliocene based on calcareous nannofossils and planktonic foraminifers (Shipboard Scientific Party, 1995) . This zone is characterized by the presence of E. αlbiumbilicαtum in most samples. Also characteristic of this zone is high percentages of Cαssiduli-nα reniforme and lower percentages of C. teretis. Cibicides grossα is also found in this zone. The number of species in this zone ranges from 2 to 23 (avg. S = 10) and the number of foraminifers per cm 3 ranges from 2 to 68 (avg. = 21 per cm 3 ). Elphidium αlbiumbilicαtum is an Atlantic Ocean boreal water indicator, first recorded in the Sangamon deposits of Long Island, NY (Weiss, 1954) . On the other hand, Cαssidulihα reniforme is a polar species and indicative of proximal glacial-marine environments (Sejrup and Guilbault, 1980; Osterman, 1984; Elverhoi et al., 1980) . Therefore, the benthic foraminifers of this zone indicate both arctic and boreal conditions (i.e., glacial intervals, with episodes of warmer interglacials). This is also consistent with the interpretation of both pollen (Willard, 1995, this volume) , ostracodes (Cronin, 1995, this volume) , and sediments (Shipboard Scientific Party, 1995) over the same interval. This foraminifer zone occurs below the interval of poor recovery and slightly above the first dropstone occurrence at 208.7 mbsf. It appears as though the environmental change in the benthic foraminiferal assemblages occurred somewhat later than the sedimentological indicators for increased glaciation. This suggests that there is a lag between the time of ice build up, reflected by the dropstones, and the time of oceanic cooling, reflected by the foraminiferal change.
Reworking of the foraminiferal fauna appears to be less common in the E. αlbiumbilicαtum zone than in the uppermost zone, but icerafting of benthic foraminifers, as well as other fossil groups, certainly occurred. Evidence is seen in the interval from Sample 151-910C-17R-CC (161.15 mbsf) to Sample 151-910C-20R-CC (187.84 mbsf) which contains reworked Miocene diatoms and radiolarians (Shipboard Scientific Party, 1995) .
The third benthic foraminiferal zone occurs from Sample 151-910C-21R-1, 27-30 cm (189.67 mbsf) to 151-910C-43R-6, 80-83 cm (409.5 mbsf). The benthic foraminifer assemblage is characterized by the occurrence of large-sized elphidium including Elphidium excαvαtum, Elphidium groenlαndicus, Elphidiellα hαnni, and Elphidiellα hughesi. Elphidiellα hughesi and E. hαnni were originally described from the Pliocene of California (Cushman and Grant, 1927) . Nonion mαtchigαricus, originally described from the Miocene deposits of Sakhalin, Russia in the North Pacific (Volshinova, 1952) was also observed in this zone. Epistominellα vitreα is also common in this zone. There is a wide range of diversity and abundance values in this zone which includes a benthic foraminiferal low-diversity zone, recognized by the Shipboard Scientific Party (1995), from Samples 151-910C-33R-CC to 38R-CC (314.8 to 362.9 mbsf). The number of species ranges from 2 to 18 (avg. S = 8) and the number of foramin- 3  14  16  0  68  19  16  21  0  0  0  88  13  26  9  23  38  56  44  26  5  20  22  3  6  21  48  0  0  9  108  35  14  43  0  7  21  5  11  62  9  5  2  24  2  15  143  32  82  17  56  0  2  0  54  0  70  68  22  74 Note: Others = all other species occurring in sample; * = species present but percentage not calculated if total B < 40.
ifers per cm 3 ranges from 2-108 (avg. = 26 per cm 3 ). Wood and plant fragments are found in the interval from Samples 151-910C-25R-CC (236.54 mbsf) to 151-910C-39R-CC (386.9 mbsf) (Shipboard Scientific Party, 1995) suggesting warm forested conditions within the Arctic. There does not appear to be any strong glacial influence in this assemblage, and no dropstones were recognized (Shipboard Scientific Party, 1995) .
The lowest zone is designated the Cassidulina spp. zone and occurs from Sample 151-910C-46R-4, 110-114 (435.5 mbsf) to the base of the hole at 504.7 mbsf. The foraminiferal diversity and abundance of this zone is the highest in the Pliocene. The number of species ranges from 4 to 16 (avg. S = 10) and the number of foraminifers per cm 3 ranges from 2-143 (avg. = 56 per cm 3 ). The oldest sediments in Hole 9IOC show increased benthic foraminiferal diversity of the Cassidulinid species, in particular the carinate forms including Cassidulina pliocarinata and Paracassidulina neocarinata. Several species show Pacific affinities including Globocassidulina grooviapeture, Paracassidulina neocarinata, and Paracassidulina sagamenensis (Nomura, 1983a (Nomura, , 1983b Matoba et al., 1990) . Nonion erucopsis, originally described from Carter Creek, Alaska (Todd, 1957) , is also found in this zone. It is most important to recognize that this assemblage zone has an increase in the number and diversity of planktonic foraminifers. Sample 151-910C-51R-4, 79-85 cm (483.69 mbsf) contains the largest number of planktonic foraminifers in all Pliocene samples, which indicates the warmest water during the deposition of these sediments. Planktonic species Neogloboquadrina atlantica both dextral and sinistral are found throughout this interval, as well as sporadically in the other zones. Other planktonic species, including Globigerina quinqueloba ( 
DISCUSSION
The purpose of this paper is to provide a benthic foraminiferal zonation that will allow comparison to other Pliocene marine sediments of the Arctic. Preliminary analysis suggests that there are several similarities between the Pliocene section of Hole 910C and other Pliocene-aged sediments in the Arctic, in particular the Lodin Elv and Kap K0benhavn Formations of Greenland and the Pliocene marine transgressions of the Alaskan Arctic Coastal Plain (Feyling-Hanssen et al., 1982; Feyling-Hanssen, 1990; Brigham-Grette and Carter, 1992) . All of these sites contain evidence for several Pliocene events which I believe can be correlated based on the benthic foraminifers.
Three warm Pliocene marine transgressions have been reported from the Alaskan Coastal Plain (Brigham-Grette and Carter, 1992) . These are tentatively dated as the Covillian Transgression (2.7 to 2.48 Ma), the Bigbendian Transgression (around 2.48 Ma), and the Fishcreekian Transgression (2.48 to 2.14 Ma) (Brigham-Grette and Carter, 1992) . Macrofaunal evidence suggests that these were warm water transgressions that became progressively cooler from oldest to youngest. The timing of these transgressions is important to Arctic stratigraphy. Unfortunately, most Alaskan samples contain very few benthic foraminifers; however, samples of the youngest Pliocene unit, the Fishcreekian Transgression, do contain large Elphidium including E. hughesi (Osterman, unpubl. data) . This correlates strongly with the Elphidium spp. zone of Site 910.
In eastern Greenland, Pliocene benthic foraminifers from the Lodin Elv Formation (71°10'N, 24°24'W) have been reported by Feyling-Hanssen et al., (1982) . The Lodin Elv Formation represents an inner shelf environment and is believed to straddle the Pliocene/Quaternary boundary (Feyling-Hanssen, 1985 , 1990 Feyling-Hanssen et al., 1982) . The benthic foraminiferal assemblages are divided into a lower Zone I with C. grossa, C. reniforme, and E. vitrea, and the upper Zone II without C. grossa. Placing the Pliocene/Quaternary boundary between Zones I and II is based on the presence/absence of C. grossa at Lodin Elv. The study of Site 910 has shown that the stratigraphic use of C. grossa alone may be suspect. I would propose that the entire Lodin Elv formation appears to correlate to the uppermost Pliocene deposits of Site 910C with increased percentages of C. reniforme and E. vitrea.
The Kap K0benhavn Formation (82°30'N, 21 °W) is also believed to have been deposited in an inner shelf environment during the late Pliocene to early Quaternary. Both ostracodes (Brouwers et al., 1991) and benthic foraminifers (Feyling-Hanssen, 1990 ) have been studied. The Kap K0benhavn Formation is subdivided into four members, from bottom to top, A, Bl, B2, and B3 (Funder et al., 1985) . Members B2 and B3 contain glacial dropstones along with abundant wood fragments, which suggests a warm, forested Arctic with nearby mountain glaciers. Funder et al., (1985) believe that the climate of Northern Greenland during the deposition of the Kap K0benhavn formation was similar to present-day Labrador.
Benthic foraminifers are found in Kap K0benhavn members A and B2. Member A contains N. erucopsis, C. reniforme, C. teretis, and C. laevigata (which Feyling-Hanssen [1990] reports as being very close to C. pliocarinata). Feyling-Hanssen (1990) also reports that Kap K0benhavn has numerous similarities to Japanese faunas, including P. sagminensis (Asano and Nakamura, 1937) On the other hand, the ostracode fauna (Brouwers et al., 1991) of member B2 contains P. vannieuwenhuisei, which corresponds to the older Covillian Transgression (2.48 and 2.7 Ma) on the North Slope of Alaska. Regardless of the age, ostracodes from the Kap K0ben-havn Formation suggest that winter temperatures were 1-2° C warmer and summer temperatures were 7° to 8° C warmer than present during this interval (Brouwers et al., 1991) .
SUMMARY
It appears to be possible to correlate 400 m of Pliocene-aged continental shelf sediment in Hole 910C with the isolated pockets of Arctic Pliocene sediment that have been previously described. Some strong similarities exist. Hole 910C contains three separate Pliocene benthic foraminiferal zones that appear to have been deposited between 2.7 to 1.6 Ma. This agrees with the time span discussed by most of the previous researchers (Feyling-Hanssen, 1985 ,1990 Feyling-Hansen et al., 1982; Brigham-Grette and Carter, 1992; Brouwers etal., 1991) .
The benthic foraminifers in the three Pliocene zones of Site 910C indicate increasingly cooler conditions from Pliocene to Quaternary. Based on the numbers of planktonic foraminifers and benthic fora-miniferal abundances, the lowermost Cassidulina spp. zone indicates the warmest water conditions within the Pliocene at this locality. The Cassidulina spp. zone also shows an increased number of species with Pacific affinities. These include G. grooviapeture, P. neocarinata, and P. sagmenensis. These species do not occur at this location today. The Cassidulina spp. zone appears to correlate to Member A of Kap K0benhavn and either the Covillian Transgression (2.7 to 2.48 Ma) or the Bigbendian Transgression of the Alaskan Coastal Plain. The occurrence of the ostracode Pterygocythereis vannieuwenhuisei in Samples 151-910C-45R-CC (429.3 mbsf) to 151-910C-43R-CC (410.78 mbsf) suggests a correlation to the Covillian Transgression.
The Elphidium spp. zone of Site 9IOC indicates warm, but cooling, conditions with decreasing foraminiferal diversities and abundances ending with the initiation of glacial dropstones at 208.7 mbsf. This zone can be correlated to the lower part of Kap K0benhavn Member B and the Fishcreekian transgression based on the occurrence of large Elphidium including E. hughesi at all three localities. The presence of Pacific species E. hughesi, E. hanni, and N. matchigaricus indicate a continuing Pacific influence at this site.
Climatic conditions changed during the latest Pliocene when Atlantic species began to dominate the sediments. Glacial-marine conditions with warm episodes are indicated in the upper Pliocene E. albiumbilicatum zone. A similar foraminiferal assemblage with increased E. albiumbilaticum, C. reniforme, and E. vitrea is recognized in the upper part of Kap K0benhavn Member B as well as Zones I and II of Lodin Elv.
The uppermost Quaternary E. excavatum f. clavata zone (0 to 102.8 mbsf) records glacial and interglacial climatic fluctuations including one or more episodes of grounded glacial ice (or severe episodes of ice-rafting) and ice-free interglacial deposits. Poor recovery of these youngest sediments in Hole 9 IOC limit further interpretation.
